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Wednesday, February 29, 2012 627aacceptor, resazurin [4], that upon reduction by PSI becomes highly fluorescent,
thus directly yielding single PSI activity. Our studies allow us for the first time
to correlate membrane characteristics (lipid composition, curvature, phase
state, etc.), to regulation of PSI activity studied on the single molecule level.
1. Nelson, N. & Yocum, C. Structure and function of photosystems I and II.
Plant Biology 57, (2006).
2. Hatzakis, N.S. et al. How curved membranes recruit amphipathic helices and
protein anchoring motifs. Nat Chem Biol 5, 835-841 (2009).
3. Hatzakis et al. Regulation of enzymatic activity by selection between dis-
crete activity states probed at the single molecule level. Submitted.
4. Lohse, B., Bolinger, P. & Stamou, D. Encapsulation Efficiency Measured on
Single Small Unilamellar Vesicles. J. Am. Chem. Soc 130, 14372-14373
(2008).
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A Revised View on Cellular CO2 Transport Mechanisms: Biophysics,
Physiology and Genomics of Aquaporin-Facilitated CO2 Transport in
Plants
Ralf Kaldenhoff.
Technische Universita¨t Darmstadt, Darmstadt, Germany.
It is a general opinion that the Meyer-Overton correlation determines bio-
membrane transport of hydrophobic molecules. This so called ‘‘Overton
rule’’ says that the easier it is for a chemical to dissolve in a lipid the easier
and faster it will be transported into a cell. In medical science for example,
this passive transport is crucial for the effective delivery of many pharmaceu-
tical agents to intracellular targets. The prediction also concerns CO2 as a hy-
drophobic molecule. Certainly, the membrane diffusion of CO2 is of critical
importance for bacteria, animal- and plant cells. In contrast to many other or-
ganisms, plants require CO2 and its availability at the site of CO2 fixation
limits the rate of net photosynthesis. In this regard, plants provide an excellent
system to study CO2 transport mechanisms. Findings will be presented, which
question the applicability of Overton’s rule to specific plant CO2 transport pro-
cesses. It could be demonstrated that the function of specific membrane pro-
teins, i.e. distinct aquaporins, increased CO2 transport rates. The experiments
were performed on synthetic membranes and cell based systems as well as plant
tissues and complete plants. Techniques from biophysics, cell biology, molec-
ular biology and plant physiology were employed and it was found that in the
analyzed systems CO2 transport rates were limited by the function of these
aquaporins. The results could be interpreted in a way that supports alternative
cellular CO2 transport mechanisms and a modified model of cellular surfaces.
If the findings were of general validity and not specific for plants, our view on
diverse transport processes in many living organisms from all kingdoms could
be modified.
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Determinants of Lipid Mixing Membrane Fusion by HIV gp41
Kelly Sackett, David P. Weliky.
Michigan State University, East Lansing, MI, USA.
A critical step in HIV infection involves membrane fusion between the envel-
oped virion and the target cell plasma membrane, catalyzed by the viral mem-
brane protein gp41 at or near physiologic pH. Specific global gp41
conformations (i.e. six-helix-bundle and coiled-coil) and specific regions
(i.e. fusion peptide) are implicated in steps of fusion catalysis. Our goal is
to elucidate the molecular mechanism of gp41 catalyzed membrane fusion.
One challenge to biophysical analysis of structure and function in hydropho-
bic gp41 is solubility. Low pH (~3.0) is utilized to enhance protein solubility
by significantly increasing overall positive charge. Interestingly, the cationic
six-helix-bundle region enhances/inhibits lipid mixing of anionic vesicles at
low/neutral pH, which correlates with close association (~5A˚) between mem-
brane headgroup phosphates and a large/small proportion or population of he-
lical bundles based on solid-state NMR analysis. The apolar trimeric fusion-
peptide region contributes to lipid mixing and is predominantly b-sheet
(~75%) with a large fraction of b-strands located close to (~5-7A˚)/far from
(>~10A˚) membrane headgroup phosphates at residues Ala-1 and Ala-14/
Leu-7 and Met-19 at low pH. Swapping to neutral pH does not affect
fusion-peptide conformation, but does lower the fraction of b-strands close
to the membrane surface. Partial shedding of fusion-peptides from mem-
branes, poor protein solubility, and protein lipid mixing inactivity at neutral
pH are reversed upon pH swap back to low, indicating irreversible aggrega-
tion is not occurring at neutral pH. Our solid-state NMR findings indicate
that abrogation of lipid-mixing fusion function by gp41 in six-helix-bundle
conformation at the physiologic pH of viral fusion is determined primarily
by stearic and electrostatic barriers to close membrane apposition imposed
by the six-helix-bundle region, and minimally by membrane location or con-
formation of the fusion-peptide region.3183-Pos Board B44
Time-Resolved UV-Visible Studies of Rhodopsin Provide Experimental
Test of Flexible Surface Model for Lipid-Protein Interactions
James W. Lewis1, Istvan Szundi1, David S. Kliger1, Michael F. Brown2,3.
1Department of Chemistry and Biochemistry, University of California,
Santa Cruz, CA, USA, 2Department of Chemistry and Biochemistry,
University of Arizona, Tucson, AZ, USA, 3Department of Physics,
University of Arizona, Tucson, AZ, USA.
Time-resolved UV/Visible absorbance of the retinal chromophore of rhodopsin
[1] delivers vital information about key GPCR activation steps in a membrane
lipid environment [2]. Following rhodopsin photoexcitation, a minimum of
four intermediates equilibrate on the millisecond-time scale [2,3]. The first
equilibrium is between the protonated Schiff base (PSB) species Meta I480
and the deprotonated SB species Meta IIa and is pH independent. A second
equilibrium entails spectrally silent conversion of Meta IIa to the Meta IIb sub-
state. The final step is protonation of Glu134 of the ERY sequence in Meta IIb
to yield Meta IIbH
þ whose pKa characterizes the acid-base equilibrium [3]. Ab-
sorbance measurements on the microsecond-to-hundred millisecond-time scale
allowed us to study effects of POPC, DOPC, or DOPC/DOPE mixtures on the
first equilibrium constant K1 and on the pKa of the final equilibrium. Results
were analyzed by singular-value decomposition and were fit by a linear combi-
nation of temperature-dependent basis spectra. Notably an increase in K1 was
discovered due to either PE head groups or increased acyl chain unsaturation,
whereas little change in pKawas evident. According to the flexible-surface
model (FSM) rhodopsin becomes a sensor of negative spontaneous (intrinsic)
curvature upon light activation [4]. Competition between the curvature elastic
energy and the hydrophobic mismatch at the proteolipid boundary explains the
influences of lipid-protein interactions [4]. Both the lipid acyl chains and polar
head groups affect the Meta I-Meta II transition, revealing how protein energet-
ics are affected by material properties of the lipid bilayer.
[1] A.V. Struts et al. (2011) Nature Struct. Mol. Biol. 18, 392-394.
[2] J. Epps et al. (2006) Photochem. Photobiol. 82, 1436-1441.
[3] M. Mahalingam et al. (2008) PNAS 105 17795-17800.
[4] A. V. Botelho et al. (2006) Biophys. J. 91, 4464-4477.
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Dynamics and Oligomerization Tune Seven-Transmembrane Protein
Function: Studies Based on Proteorhodopsin
Sunyia Hussain, Maia Kinnebrew, Songi Han.
University of California Santa Barbara, Santa Barbara, CA, USA.
Seven-transmembrane (7TM) proteins have diverse and important functions,
ranging from signaling receptors to ion pumps. They share a reversible switch-
ing property, epitomized by the solar-powered microbial proton pump Proteo-
rhodopsin (PR), which uses light energy to facilitate transport by
a conformational ‘‘switch’’. Here, we use PR as a model to capture the elusive
details of activation and oligomerization necessary for the function of physio-
logically important membrane proteins.
We have preliminary spectroscopic evidence that suggests altered photocycle
kinetics and shifted pKa values for hexameric and monomeric forms of
detergent-solubilized PR. These findings prove that PR function is tuned by
self-association, and we apply magnetic resonance together with functional as-
says of proton transport to further understand dynamics changes that occur
upon oligomerization. Our unique magnetic resonance techniques of electron
paramagnetic resonance (EPR) and dynamic nuclear polarization (DNP) pro-
vide insight into the protein segment mobility and local hydration water dy-
namics of an amino acid residue spin-labeled with nitroxide-based radicals.
Using thesemethods,wehave found thatPR’s thirdcytoplasmic (E-F) loop isa short
a-helical segment that experiences conformational change upon photoactivation.
This structure is a common motif to the non-homologous G-protein coupled re-
ceptor bovine rhodopsin (Rh), where it is a docking point for a signal G-protein.
Towards understanding how function hinges on dynamics, we developed a PR-
Rh chimera by replacing the E-F loop of PR with the corresponding loop of Rh.
The chimera successfully expresses and maintains optical properties. We evaluate
its capability to activate theG-protein transducin, and applyEPRandDNP toobtain
unique informationabout thebiophysicsof receptor/G-protein interactions.Bycon-
trolling the oligomeric form of the PR-Rh chimera, we measure any changes in
G-protein activationcausedbyvarying the amountof receptor-receptor interactions.
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Molecular Mechanism of Activation of IRE1a Cytosolic Domain by
Palmitate
Hyunju Cho, Liang Fang, Michael Feig, Christina Chan.
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Inositol-requiring enzyme 1a (IRE1a) is an ER (endoplasmic reticulum) trans-
membrane containing two enzymatic activities, a Ser/Thr protein kinase and an
628a Wednesday, February 29, 2012endoribonuclease (RNase) both residing on its cytosolic portion. Upon ER
stress, the N-terminal luminal domain of IRE1a becomes dimerized. The di-
merization induces the juxtaposition of the kinase domains, which conse-
quently trans-autophosphorylate and activate the RNase activity to initiate
splicing of the XBP1 (X-box binding protein 1) mRNA. Activated IRE1a
up-regulates several pro-apoptotic genes to contribute to ER stress-induced ap-
optosis. Recently, we found that palmitate, a saturated fatty acid, activates the
kinase and RNase activities in human hepatocellular carcinoma (HepG2) cells.
However, the molecular mechanism how palmitate regulates the enzymatic ac-
tivities of IRE1a has not been identified. We first addressed whether palmitate
is involved in the direct physical interaction with the IRE1a protein. Using
fluorescence polarization (FP)-based binding assay, we confirmed that palmi-
tate binds to the cytosolic domain containing the kinase and nuclease domains,
but not the luminal domain of IRE1a. Molecular dynamics simulations with the
cytosolic domain of IRE1a suggested several amino acid residues (i.e. R635,
R722, R864) potentially interact with the palmitate molecule. Site-specific mu-
tation experiments further confirmed that the residues play an important role on
the regulation of IRE1a activities. The computationally-assisted biochemical
and biophysical studies provide insights on the molecular mechanisms by
which palmitate initiates ER stress through IRE1a as well as possibly on the
therapeutic efficacy of kinase inhibitor/activators.Apoptosis
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Studying the Apoptosis-Regulating Functions of Bax and Bcl-2 at the
Membrane Level
Marcus Wallgren1, Anders Pedersen2, Martin Lidman1, Dat Quoc1,
Go¨ran B. Karlsson2, Gerhard Gro¨bner1.
1Department of Chemistry, University of Umea, Umea, Sweden,
2Swedish NMR Centre, University of Gothenburg, Gothenburg, Sweden.
The anti-apoptotic integral membrane protein Bcl-2 belongs to the Bcl-2 pro-
tein family, which functions as a major gatekeeper in the mitochondrial apopto-
tic pathway. This protein has been found to be highly over-expressed in many
cancer tumors and also been shown to be involved in the inherent resistance to
anti-cancer drugs. Our research focuses on the Bcl-2 protein and its interplay
with both membranes and the pro-apoptotic Bcl-2 family protein Bax. Bax is
the counter-player of Bcl-2 and is upon activation translocated from the cytosol
to the mitochondrial outer membrane where it forms pores, leading to release of
cytochrome c and subsequently cell death. So far we have been working on the
expression and purification of Bax and Bcl-2, and managed to isolate full-
length Bax using E. coli as expression system. For Bcl-2 we have performed
cell-free expression, and have succeeded in the purification of the full-length
protein, solubilized with detergent1. The next step is to characterize the pro-
teins when they are reconstituted into model membranes, using methods such
as CD and solid state NMR spectroscopy. We are especially interested in
how the presence of oxidized lipids influences the protein-protein and
protein-membrane interactions, mimicking the apoptotic conditions triggered
by reactive oxygen species. In addition, we want to study Bax and Bcl-2 in
the presence of intact, functional mitochondria, thus more closely mirroring
the in vivo conditions of the proteins.Our ultimate goal is to provide structural
information of the membrane-mediated mechanism underlying the action of
Bcl-2 as a potent inhibitor of cell death, information crucial for the develop-
ment of novel anti-cancer drugs.
1. Pedersen A, Wallgren M, Karlsson B. G., Gro¨bner G. (2011) ‘‘Expression
and purification of full-length anti-apoptotic Bcl-2 using cell-free protein syn-
thesis’’ Protein Expr. Purif., 77, 220–223.
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Membrane Binding and Dimerization of Bax Protein are Coupled to a
Series of Conformational Changes
Feng He, Zhi Zhang, Jingzhen Ding, Jialing Lin.
The University of Oklahoma Health Sciences Center, Oklahoma City,
OK, USA.
Proteins of the Bcl-2 family are important regulators of apoptosis, and contrib-
utors of various diseases. Pro-apoptotic Bax proteins activated by BH3-only
proteins translocate from the cytosol to the mitochondria, forming oligomers
to permeabilize the mitochondrial outer membrane and initiate apoptosis.
The underlying molecular mechanisms remain unclear. In this study we as-
sayed Bax interactions with each other and with a model mitochondrial mem-
brane. The results show that dimerization of Bax proteins in cytosol facilitates
the membrane binding. Interaction with a peptide containing the BH3 region of
Bax enhances both events, so does point mutations in Bax. Other mutations that
block specific conformational changes in Bax also block the dimerization and/or membrane binding. Our study therefore suggests that Bax interaction in cy-
tosol, binding to membrane and conformational changes are coupled reactions
that eventually lead to permeabilization of the mitochondria outer membrane,
thereby the potential targets for therapeutic interference. (The work was sup-
ported by the NIH grant GM062964 and the OCAST grant HR 10-121 to J.L.)
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Characterizing Bax and Bid Binding to Liposomes and PlanarMembranes
with Single Molecule Resolution
Sanjee Shivakumar, Ouided Friaa, Cecile Fradin.
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The Bcl-2 family proteins regulate the initiation of apoptosis through protein-
protein interactions that are often membrane dependant. The proapoptotic pro-
tein Bax is an attractive drug target to modulate apoptosis since it plays a vital
role in mitochondria outer membrane permeabilization (MOMP), the point of
no return in apoptosis. Bax monomers oligomerize to form pores in the mem-
brane leading to the release of mitochondrial contents that triggers a caspase
cascade killing the cell. The size and distribution of Bax pores on the membrane
is poorly understood although much work has been done using liposome sys-
tems. To address this, we established a novel mitochondria-like planar mem-
brane system with the potential to observe individual Bax molecules and
single oligomeric pores. The system was evaluated to display the properties
of a biological membrane and to allow binding by full length cBid and Bax la-
belled with fluorescent dyes. Protein binding was directly assessed using con-
focal microscopy and characterized by fluorescence correlation spectroscopy
(FCS), fluorescence intensity distribution analysis (FIDA) and single particle
detection. The binding properties of Bax to the planar membrane was compared
to its binding properties to liposomes, which were assessed separately using
fluorescence fluctuation methods.
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Ca2D Dynamics in Apoptosis: Real-Time Data and Mathematical
Modeling
Siyuan Lu, Jae Kyoo Lee, Anupam Madhukar.
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The time-dependent behavior of Ca2þ in statistically significant number of live
apoptotic cells in the same population is measured for the first time (along with
behavior of other apoptosis markers phosphatidyl serine and caspase-3/7). The
Ca2þ dynamics shows predominantly a single peak behavior at the early stage
but also multiple peak behavior in a small fraction of the cells. These data en-
able for the first time mathematical modeling of the Ca2þ dynamics in apopto-
sis. Towards this end we propose a physical model motivated by the role of
cytochrome c binding to the IP3R in the endoplasmic reticulum membrane
thereby enhancing the probability of Ca2þ release as demonstrated by Boehing
et al. (Nat Cell Biol, 2003, 5, 1051). The IP3R opening probability under the
influence of cytochrome c is modeled as a modification of the probability in
its absence in non-apoptotic cells (Mak et al. PNAS, 1998, 95, 15821). Coupled
ordinary differential equations for the dynamics of Ca2þ and cytochrome c are
formulated and solved for the behavior under nonapoptotic and apoptotic con-
ditions. The results are qualitatively consistent with the overall observed dy-
namics of Ca2þ, including the appearance of multiple peak behavior for
certain ranges of the parameter space. The detailed analysis of the model indi-
cates that the binding of cytochrome c to IP3R is the main source of cytosolic
Ca2þ elevation in apoptosis while the active pumps on the plasma membrane
provide the sink for the elevated cytosolic Ca2þ to return near the base level.
The experimentally measured Ca2þ dynamics exhibit a significant cell-to-cell
variation inherent to the stochastic nature of the underlying biochemical pro-
cesses. Such variations are manifest in the modeling in terms of the uncertain-
ites of the initial conditions in different cells upon the intiation of the apoptotic
stress.
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Role of Membrane Oxidation in Controlling the Activity of Secretory
Phospholipase A2 Toward Apoptotic Lymphoma Cells
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The membranes of healthy lymphocytes normally resist hydrolysis by extracel-
lular phospholipase A2 (sPLA2). However, they become susceptible during the
process of apoptosis. Previous experiments have demonstrated the importance
of certain physical changes to the membrane during cell death such as a reduc-
tion in membrane lipid order and exposure of phosphatidylserine on the mem-
brane surface. Nevertheless, those investigations also showed that at least one
additional factor was required for rapid hydrolysis by the human group IIA
sPLA2 isozyme (hGIIa). This study was designed to test the possibility that ox-
idation of membrane lipids is the additional factor. Flow cytometry and
